Eukaryotic cells can employ autophagy to defend themselves against invading pathogens. Upon infection by Plasmodium berghei sporozoites, the host hepatocyte targets the invader by labelling the parasitophorous vacuole membrane (PVM) with the autophagy marker protein LC3. Until now, it has not been clear whether LC3 recruitment to the PVM is mediated by fusion of autophagosomes or by direct incorporation. To distinguish between these possibilities, we knocked out genes that are essential for autophagosome formation and for direct LC3 incorporation into membranes. The CRISPR/Cas9 system was employed to generate host cell lines deficient for either FIP200, a member of the initiation complex for autophagosome formation, or ATG5, responsible for LC3 lipidation and incorporation of LC3 into membranes. Infection of these knockout cell lines with P. berghei sporozoites revealed that LC3 recruitment to the PVM indeed depends on functional ATG5 and the elongation machinery, but not on FIP200 and the initiation complex, suggesting a direct incorporation of LC3 into the PVM. Importantly, in P. berghei-
Macroautophagy, hereafter called autophagy, is a catabolic process that allows cells to degrade and recycle intracellular substrates. Under certain stress conditions, such as starvation, autophagy is induced to maintain homeostasis as it can provide nutrients for essential cellular processes. In addition to maintaining cellular homeostasis, cells can use selective autophagy to remove damaged or deleterious elements from the cytoplasm. Selective autophagy can also serve as a cellular antimicrobial defence against intracellular pathogens, a process called xenophagy (Deretic & Levine, 2009; Knodler & Celli, 2011; Levine, Mizushima, & Virgin, 2011; Mostowy, 2013) . Starvation-induced and selective autophagy are both characterised by the formation of double membrane autophagosomes that sequester the autophagic cargo (Levine et al., 2011; Mizushima & Komatsu, 2011) . In mammalian cells, starvation initiates autophagosome formation through mTORC1 (mammalian target of rapamycin complex 1) inhibition. This leads to activation of the initiation complex, including FAK family kinaseinteracting protein of 200 kDa (FIP200), which subsequently regulates a class III phosphatidylinositol 3-kinase complex. Local formation of phosphatidylinositol 3-phosphate (PI(3)P) promotes phagophore formation ( Figure 1 ). The elongation of the phagophore requires complex membrane dynamics, dependent on two ubiquitin-like conjugation systems. In the first, ATG12 (AuTophaGy-related 12) is conjugated to ATG5 by ATG7 and ATG10. In the second, ATG7 and ATG3 mediate the conjugation of cytosolic LC3-I (microtubule-associated protein 1 light chain 3) to phosphatidylethanolamine (PE), forming LC3-II, which is then incorporated into the autophagosomal membrane. Once formed, autophagosomes fuse with lysosomes, leading to the degradation of their contents. LC3 belongs to the mammalian family of yeast Atg8 homologues. Because of the difference in its localization upon induction of autophagy, LC3 is widely used as an autophagy marker (Kabeya et al., 2000; Mizushima, 2004) .
Recently, it has been described that in Plasmodium berghei-infected hepatocytes, the parasite is targeted by selective host cell autophagy in vitro and in vivo (Prado et al., 2015; Thieleke-Matos et al., 2016) . In addition to LC3, ubiquitin, the selective autophagy receptor p62, and lysosomes also localise to the PVM. The major difference to canonical xenophagy is that LC3 is localised in the already existing PVM and not into a newly formed double membrane. Importantly, LC3 is directly incorporated in the outer leaflet of the PVM. This was elegantly confirmed by expressing an LC3 G120A mutant that cannot be lipidated and incorporated into membranes (Kabeya et al., 2000) . This mutated LC3
did not localise to the PVM in infected cells confirming that lipidation and not interaction with, for example, other PVM proteins causes the observed recruitment (Prado et al., 2015) .
In the present study, we analysed the molecular mechanism of LC3-targeting to the PVM. We used the clustered regularly interspaced palindromic repeats (CRISPR)/Cas9 nickase approach to generate gene knockouts for FIP200 and ATG5 in a Plasmodium-susceptible HeLa cell line. FIP200 is a member of the autophagy initiation complex, and ATG5 is part of the autophagy elongation machinery that processes and incorporates LC3 into the forming autophagosome membrane ( Figure 1 ). Infection of these knockout cell lines revealed that the recruitment of LC3 to the PVM follows a noncanonical autophagy pathway, involving the elongation machinery, but not the initiation complex. Unexpectedly, the presence of LC3 at the PVM is not needed to attract lysosomes, suggesting that lysosomal recruitment in P. berghei-infected host cells follows an LC3-independent mechanism.
2 | RESULTS
| A functional PVM is required for LC3 incorporation
Immunofluorescence analysis revealed that host cell LC3 targets the PVM soon after infection of cells with P. berghei, and this labelling continues until the early schizont stage (Figure 2a ). Only at the late schizont stage are LC3-positive vesicles mostly redistributed into the cytosol ( Figure 2a ). LC3-targeting to the PVM has also been shown FIGURE 1 Autophagosome formation. When the initiation complex, including FIP200, is active, it regulates a class III phosphatidylinositol 3-kinase complex. Local formation of phosphatidylinositol 3-phosphate (PI(3)P) promotes phagophore formation (nucleation). Elongation of the phagophore depends on two ubiquitin-like conjugation systems. In the first, ATG12 is conjugated to ATG5 by ATG7 and ATG10. In the second, ATG7 and ATG3 mediate the conjugation of cytosolic LC3 (LC3-I) to phosphatidylethanolamine (PE) to form LC3-II, which is then incorporated into the autophagosomal membrane. Once formed, autophagosomes fuse with lysosomes, leading to degradation of their contents. In this study, we generated gene knockouts of FIP200 (orange) and ATG5 (purple) in HeLa cells. (FIP200: FAK family kinase-interacting protein of 200 kDa; PI(3)P: phosphatidylinositol 3-phosphate; ATG: autophagy-related; LC3: microtubule-associated protein 1 light chain 3 (homologue of yeast Atg8), PE: phosphatidylethanolamine)
by intravital imaging in GFP-LC3 mice, confirming that it is indeed a physiological event (Prado et al., 2015) . To verify that LC3 specifically labels the PVM, we made use of P. berghei Δp52&p36 parasites (Annoura et al., 2012; Ploemen et al., 2012) , which infect host cells without the formation of a functional PVM. It has been shown previously that the vast majority of these knockout parasites (98%) abort development soon after invasion but some of them are able to complete liver stage development residing free in the cytoplasm of the host cell . Infection of HeLa cells with these parasites (Figure 2b ) did not result in a LC3 accumulation comparable to what is observed in the case of fully virulent control parasites (PbmCherry; Figure 2a ). This implies that host cell autophagy labels specifically the PVM in P. berghei-infected cells, but does not recognise the parasite plasma membrane in the case of Δp52&p36 P. berghei parasites.
| LC3 is directly incorporated into the PVM
To determine the molecular mechanism of LC3 incorporation into the PVM, we considered two possible options: either LC3-positive autophagosomes fuse with the PVM or LC3 is processed, lipidated, and directly incorporated into the PVM. In the first case, we would expect to initially observe the generation of LC3-positive autophagosomes that are then transported to and fuse with the PVM.
In the case of a direct incorporation, however, we expected that LC3
would appear in the PVM without the formation of autophagosomes beforehand. To analyse this, we used live cell microscopy of cells expressing GFP-LC3 and infected these with mCherry-expressing sporozoites. Time-lapse microscopy revealed that 20 min post-infection, LC3 was already incorporated into the PVM (Figure 3a , Movie S1). It is known that by 4 hr post-infection (hpi), the vast majority of parasites are labelled with LC3 (Prado et al., 2015) . Quantification of LC3-labelling of the PVM between 30 min and 4 hpi revealed that already 60 min after infection more than half of the parasites were LC3 positive ( Figure 3b ).
During this time, we observed neither enhanced autophagosome formation ( Figure 3c ) nor fusion of autophagosomes with the PVM, indicating that the source must indeed be cytoplasmic LC3-I that is directly processed, lipidated, and incorporated into the PVM. (Mizushima, 2010) . Consistent with the induction of autophagy via the initiation complex, Fip200 −/− MEFs do not form typical autophagosomes in response to starvation (Gan et al., 2006 ; Figure S1 ). We infected Fip200 −/− MEFs with wildtype P. berghei parasites (PbWT) and monitored activation and membrane association of LC3. Despite the lack of FIP200, we still observed an incorporation of LC3 into the PVM ( Figure S1 ). We therefore concluded that the initiation complex is not necessary for LC3 incorporation into the PVM in MEFs. However, MEFs are not ideal host cells for the parasite as within this cell type, it does not fully develop to infectious merozoites. It was therefore important to confirm this information in better suited host cells. As it has been shown that parasites can fully complete liver stage development in HeLa and HepG2 cells (Calvocalle, Moreno, Eling, & Nardin, 1994; Hollingdale, Leland, & Schwartz, 1983; Kaiser et al., 2016; Prado et al., 2015) , we decided to use HeLa cells for further experiments as they can be easily genetically manipulated. In addition, they allow better microscopy analysis as they are flat and do not grow in multiple layers in culture dishes as HepG2 cells do. Firstly, we generated gene knockouts of ATG5 and FIP200 in HeLa cells using the CRISPR/Cas9 genetic manipulation system. To minimise the risk of off-target mutations, we used the CRISPR/Cas9 paired nickase approach, which leads to two single-strand nicks situated close to each other on the genomic DNA (Ran, Hsu, Lin, et al., 2013) . ATG5 knockout was performed in GFP-LC3-expressing HeLa cells (Agop-Nersesian et al., 2017) to have a direct and easy readout assay for further analysis. However, accumulations of GFP-LC3 were frequently observed in ectopically expressing GFP-ATG5 were cultivated in growth medium or starved in EBSS with or without 10 μM chloroquine (CQ). After 2 h, cells were lysed, and western blot analysis was performed with a subsequent staining for ATG5, LC3, p62, and GAPDH as a loading control. All bands shown correspond to the endogenous proteins, except for the ectopically expressed GFP-ATG5 in lanes 7-9. (c) Western blot analysis confirms knockout of FIP200. WT and FIP200 −/− HeLa cells were cultivated in growth medium or starved in EBSS with or without 10 μM chloroquine (CQ).
After 2 h, cells were lysed, and western blot analysis was performed. For FIP200 detection, whole protein lysates were separated on an 8% SDS gel whereas for LC3 and p62 detection, RIPA protein lysates were separated on a 12% SDS gel. As a loading control, GAPDH was detected on both blots. All bands shown correspond to the endogenous proteins. , localised to autophagosomes upon starvation. In FIP200 −/− cells, both forms of LC3 localised to the same accumulations, confirming that they are lipidation-independent and thus not related to canonical autophagosomes ( Figure S2 ). We have previously shown that LC3 G120A is not incorporated into the Plasmodium PVM (Prado et al., 2015) . Based on our observations in MEFs and HeLa cells, we concluded that the downstream elongation machinery, but not the initiation complex, is involved in incorporation of LC3 into the PVM. In addition, we showed that LC3 is indeed directly incorporated into the PVM and not by fusion of autophagosomes.
2.4 | Host cell autophagy has an influence on P. berghei liver stage development.
We have previously shown in Atg5 −/− MEFs that parasites stay smaller but survive better than in WT MEFs (Prado et al., 2015) . These findings suggest that impaired selective autophagy allows more parasites to develop but that they stay smaller because canonical autophagy is also impaired in Atg5 −/− MEFs (Prado et al., 2015) . As HeLa cells, in contrast to MEFs, allow full development of P. berghei, we now determined both parasite growth and parasite numbers in ATG5 −/− and FIP200 −/− HeLa cell lines. In both deficient cell lines, parasites were significantly smaller than in WT HeLa cells (Figure 6a ). This suggests that canonical autophagy indeed provides nutrients for parasite growth. Consistent with previous results, we found more parasites in ATG5 −/− cells than in WT cells (Figure 6b ). This was not the case in FIP200 −/− cells, suggesting that the observed selective labelling of the PVM with LC3, and most likely other autophagy proteins, can indeed contribute to parasite elimination.
2.5 | LC3 is not required to recruit lysosomes to the PVM.
In canonical autophagy, LC3-positive autophagosomes rapidly fuse with lysosomes. Inside the resulting autolysosomes, the engulfed material is degraded (Klionsky et al., 2011) . For P. berghei-infected host cells, it has previously been shown that acidic vesicles accumulate at appears not to be essential for the recruitment of lysosomes to the PVM.
| DISCUSSION
As an intracellular pathogen, P. berghei is exposed to intracellular host cell defence mechanisms. This is particularly evident for attenuated Δp52&p36 P. berghei parasites that are compromised in PVM formation: the vast majority of these parasites are efficiently eliminated . Although living in a PV protects virulent Plasmodium parasites from direct exposure to such a host cell response, the host cell possesses efficient measures to even eliminate vacuole-borne pathogens. We recently showed that during the exoerythrocytic development of P. berghei parasites, the host hepatocyte labels the PVM with the autophagy marker protein LC3 directly after invasion (Prado et al., 2015) . In this study, we provide novel insights in the molecular mechanism of this event.
Most importantly, we show that LC3-incorporation into the PVM is dependent on the autophagy elongation machinery, but not on the initiation complex and thus does not follow the canonical pathway. It is important to note that LC3 is recruited to the already existing outer leaflet of the PVM and not, as in canonical autophagy, to a newly formed double membrane structure. Similar phenomena can also be found in LC3-associated phagocytosis (LAP). LAP is a form of noncanonical autophagy that has been described in macrophages. When they take up zymosan, dead cells, or bacteria, LC3 is directly recruited to the phagosome membrane (Florey, Kim, Sandoval, Haynes, & Overholtzer, 2011; Martinez et al., 2011; Sanjuan et al., 2007) . One important hallmark of LAP is that it acts independently of the initiation complex, similar to what we observed for P. berghei-infected host cells.
Together, LC3-association with the PVM of P. berghei-infected host cells and LAP clearly have common features: (a) LC3 associates to the outer leaflet of a pre-existing single membrane, (b) LC3 recruitment is independent of the ULK1 initiation complex, and (c) processing and lipidation of LC3 via the elongation machinery has to occur to incorporate LC3 into the pre-existing membrane. However, in LAP, the upstream signalling events that result in LC3 recruitment are clearly defined and include generation of PI(3)P in the already existing membrane, followed by recruitment of Beclin 1. Now, it remains to be shown whether these upstream events also occur in P. berghei-infected cells.
Interestingly, a LAP-like elimination of the human Plasmodium parasite P. vivax during the liver stage has recently been suggested (Boonhok et al., 2016) . However, despite a number of similarities, the mechanism appears to be entirely different from the observed LC3 recruitment in P. berghei-infected cells. Boonhok and colleagues did Beclin 1, and activation of the elongation machinery followed by LC3 incorporation into the PVM. However, IFN-γ treatment induced LC3-labelling of the PVM of only around 30% of the parasites, which is considerably less than the immediate labelling of almost 100% of parasites in P. berghei infection. It also appears that once targeted by LC3, P. vivax, but not P. berghei, are efficiently eliminated by this intracellular immune response. In the case of P. berghei, a proportion of parasites escape the immediate host cell response and can complete their development (Eickel et al., 2013; Prado et al., 2015) . A highly interesting and relevant aspect of this observed difference is that P. vivax is known to form dormant stages (called hypnozoites) in the liver, leading to relapses of the disease months to years after infection (Cogswell, 1992) whereas P. berghei does not form hypnozoites. An interesting hypothesis is that failure of the host cell autophagy machinery to immediately recognise P. vivax parasites might be the key to their persistence. Therefore, it would be very interesting to investigate how P. vivax hypnozoite-infected hepatocytes react to IFN-γ treatment.
Another attractive scenario is that occasional PVM labelling in hypnozoite-infected hepatocytes triggers growth of the dormant forms. Because IFN-γ does not induce LC3 labelling in all infected cells, this would nicely explain why not all dormant forms are activated at the same time.
IFN-γ is also able to control host cell infection with Toxoplasma gondii, a parasite closely related to Plasmodium (Choi et al., 2014; Selleck et al., 2015) . A LAP-like pathway for PVM labelling by LC3
was described in T. gondii-infected MEFs (Choi et al., 2014) . In this pathway, the elongation machinery including ATG5 is necessary and sufficient to recruit IFN-γ inducible GTPases (IRGs). This results in the elimination of the parasite (Howard, Hunn, & Steinfeldt, 2011; Park et al., 2016) . However, the autophagic response to T. gondii infection is known to vary between different host cell types and even parasite strains (Selleck et al., 2015) , and it would not be too surprising if different Plasmodium species also show differences in this respect. In fact,
another rodent Plasmodium species, P. yoelii, appears to provoke a slightly different LC3 recruitment to the PVM (Thieleke-Matos et al., 2016; Zhao et al., 2016) . In contrast to P. berghei, only a proportion of parasites are immediately labelled by LC3 (Zhao et al., 2016) . Only upon treatment of P. yoelii-infected cells with the autophagy-inducing drug rapamycin, LC3 labelling of the PVM and lysosome recruitment was observed in the majority of infected cells (Zhao et al., 2016) . In summary, it appears that autophagic host cell responses vary considerably between parasite species and even parasite strains. However, in general, autophagic targeting of intracellular parasites seems to be a conserved defence strategy for infected cells.
An alternative noncanonical mechanism of LC3-incorporation into a single membrane can be triggered by osmotic imbalance. A pathway involving the vacuolar-type H + -ATPase (V-ATPase) leads to LC3 lipidation and incorporation into endolysosomal membranes during entosis (Florey, Gammoh, Kim, Jiang, & Overholtzer, 2015) . This pathway also occurs independently of the ULK1 initiation complex, but involves the autophagy elongation machinery. Interestingly, V-ATPase activity is also required for LAP, but not for LC3-incorporation into the canonical autophagosome membrane (Florey et al., 2015) . A major difference to LAP is the absence of PI (3) 
PLEKHM1 recruits the HOPS complex (HOmotypic fusion and vacuole
Protein Sorting) and the SNARE protein STX17 (Syntaxin 17), which are important in autophagosome-lysosome fusion (Itakura, Kishi-Itakura, & Mizushima, 2012; McEwan et al., 2015) . However, it has been shown that LC3 is dispensable for autophagosome-lysosome fusion using a cell free content mixing system (Morvan et al., 2009) . Studies in yeast even reported that recycling of Atg8 from the outer autophagosomal membrane could be the signal triggering autophagosome maturation, meaning that the presence of Atg8 could inhibit maturation (Nair et al., 2012; Yu et al., 2012) . Interestingly, it has recently been shown that the presence of mammalian Atg8 family proteins is essential for maturation of the LAP-targeted phagosome (Martinez et al., 2015) .
However, also in LAP, the presence of LC3 at the phagosome membrane seems to delay recruitment of lysosomal markers (Romao et al., 2013) . This is in contrast to P. berghei infection, where LC3, p62, and lysosomal markers often label the PVM simultaneously.
It is important to note that in P. berghei-infected cells, association of lysosomes with the PVM in most cases does not lead to acidification of the PV and subsequent elimination of the parasite (Prado et al., 2015) . It has been proposed before that successfully developing parasites are able to restrict fusion events to vesicles that are only slightly acidic (Lopes da Silva et al., 2012) . However, it is well possible that fusion of lysosomes with the PVM is simply not sufficient to establish an acidic environment due to the porous structure of the PVM. As we have shown before, many parasites can lose PVM-association of lysosomal markers, and this correlates with successful exoerythrocytic development (Prado et al., 2015) . It will now be interesting to study if the parasite actively controls the presence of autophagic and lysosomal proteins at the PVM. This might shed light on events that decide on the fate of each parasite during its exoerythrocytic development, and thus on the progress of the infection.
| EXPERIMENTAL PROCEDURES

| Animal work statement
Mice used in the experiments were between 6 and 10 weeks of age and were bred in the central animal facility of the University of Bern.
Experiments were conducted with strict accordance to the guidelines of the Swiss Tierschutzgesetz (TSchG; Animal Rights Laws) approved by local authorities in Bern.
| Culture, treatment and in vitro infection of HeLa and MEFs
HeLa cells (European Cell Culture Collection) were cultured in minimum essential medium with Earle's salts (MEM EBS; BioConcept, 1-31F01-I), supplemented with 10% FCS (GE Healthcare), 100 U penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine (all from BioConcept). Wild-type and Atg5 −/− MEFs (kindly provided by N.
Mizushima, University of Tokyo; Kuma et al., 2004) and wild-type and Fip200 −/− MEFs (Gan et al., 2006) were maintained in Dulbecco's Modified Eagle Medium (DMEM; 1-26F01-I), supplemented with 10% FCS, 100 U penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine. Cells were cultured at 37°C and 5% CO 2 and split using Accutase (Innovative Cell Technologies) diluted 1:2 in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4).
For starvation experiments, cells were rinsed 3 times with PBS and subsequently incubated in Earles Balanced Salt Solution (EBSS; Sigma, E2888) for 2 h before fixation or preparation of protein lysates. For simultaneous chloroquine treatment and starvation, the same procedure was used as with starvation, but with EBSS containing 10 μM chloroquine (Sigma-Aldrich C6628).
For infection of cells, salivary glands of infected Anopheles stephensi mosquitoes were isolated and disrupted to release sporozoites. Sporozoites were incubated with cells in the respective medium containing 25 μg/ml Amphotericin B (Amresco E437) for 2 hr. Subsequently, cells were washed with PBS and incubated in the respective medium containing 2.5 μg/ml Amphotericin B.
| Parasite strains
All parasite strains used have a P. berghei ANKA background.
PbmCherry, as PbWT parasites, are phenotypically wildtype, but PbmCherry express cytosolic mCherry under the control of the P. berghei hsp70 regulatory sequences (Burda et al., 2015) .
PbΔp52&p36 parasites (line 1409 cl1) lack the expression of the P52 and P36 protein, but express the reporter protein GFP in the cytosol . 
| Transfection of HeLa cells
| Plasmids
The plasmid encoding GFP-LC3B was kindly supplied by Jonathan C.
Howard, Cologne, Germany (Martens et al., 2005) . The GFP-LC3 G120A plasmid was described before (Prado et al., 2015) . Plasmids pX335-U6- 
| Generation of knockout cell lines
The CRISPR/Cas9 paired nickase approach described by Ran, Hsu, Lin, et al. (2013) was used to knock out the FIP200 and ATG5 genes.
CRISPR guide RNA pairs (gRNAs) were designed to target an exon common to all relevant variants of the gene of interest. Cloning of the guideRNA sequences into the plasmid pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A), (a gift from Feng Zhang; Addgene plasmid 42335; Cong et al., 2013) , was performed following the protocol of the Zhang laboratory (Ran, Hsu, Wright, et al., 2013) . GuideRNAs are listed in Table S1 . HeLa cells were transfected with a pair of cells, the first screening step was the isolation of genomic DNA using the Quickextract™ DNA extraction solution 1.0 (Epicentre). The targeted region was amplified using PCR (PCR primers are listed in Table S1 ). In several clones, different amplicon lengths were detected by agarose gel electrophoresis. The clones with amplicon lengths different than that of WT cells were used for further screening by western blotting. Cells were simultaneously starved and treated with 10 μM chloroquine for 2 hr before lysis and western blotting. Clones that showed the smallest change in LC3-II/LC3-I levels upon treatment were used for further characterisation. For the ATG5 −/− and FIP200
clones used in this study, genomic DNA was isolated, and the targeted regions were cloned into pJet1.2 (CloneJET PCR Cloning Kit, Thermo
Fisher Scientific K-1232) and sequenced. Sequencing of targeted genomic regions of knockout lines confirmed the presence of DNA alterations that lead to the knockout phenotype (summarised in Table S1 ). In addition, western blotting and immunofluorescence analysis showed the expected behaviour after autophagy induction (Figure 4 ).
| Protein lysates and western blotting
Cells were seeded into 6-well plates to reach confluency the next day.
Twenty-four hours later, after the appropriate treatment, cells were rinsed with PBS and lysed directly in the well for 30 min on ice with 200 μl ice-cold RIPA buffer per well (50 mM Tris-HCl pH 7.0, 1% NP-40, 0.5% Na-deoxicholate, 150 mM NaCl, 2 mM Na-F, 0.1% SDS, Complete™ Mini EDTA-free protease inhibitor cocktail; Sigma-Aldrich). were diluted in 5% milk in TBST. A Li-Cor Odyssey Imaging system (Li-Cor Biosciences) was used for detection.
| Indirect immunofluorescence analysis
After the indicated time periods, cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. Subsequently, they were permeabilized in 0.05% Triton X-100 (Fluka Chemie, T8787) in PBS or in 10 mg/ml digitonin (Sigma-Aldrich, D141) in PBS for the anti-LC3 antibody. After washing with PBS, unspecific binding sites were blocked by incubation in 10% FCS in PBS for 10 min at room temperature followed by incubation with primary antibody in 10% FCS in PBS. Primary antibodies were mouse anti-LC3 (MBL international, M152-3; 1:250), rabbit anti-UIS4 antiserum (provided by P.
Sinnis, Baltimore, USA; 1:500), chicken anti-P. berghei Hsp90 (1:500; Van De Sand et al., 2005) , rabbit anti-CSP (1:1,000; Rennenberg et al., 2010), rat anti-mouse-LAMP1 (Developmental Hybridoma Bank, clone 1D4B; 1:1,000), or mouse anti-human-LAMP1 (Developmental Hybridoma Bank, clone H4A3; 1:1,000). For anti-LAMP1 antibodies, 0.1% Saponin (Fluka) was added to the antibody solution. For insideoutside staining, the permeabilization step was skipped, to distinguish intracellular from extracellular parasites. Cells were fixed with 2% paraformaldehyde in PBS for 3 min at room temperature, followed directly by blocking and staining of the extracellular parasites with anti-CSP antibody. Subsequently, the cells were incubated with fluorescently labelled secondary antibodies in 10% FCS/PBS for at least 45 min using the following antibodies: anti-mouse Alexa488 (Invitrogen, A11001, 1:2,000), anti-rabbit Alexa488 (Invitrogen, A11008, 1:2,000), anti-rabbit Alexa594 (Invitrogen, A21207, 1:2,000), anti-rat Alexa488 (Invitrogen, A11006, 1:2,000), anti-rat Alexa594 (Invitrogen, A21209, 1:2,000), and anti-rabbit Cy5 (Dianova; 1:2,000). DNA was visualised by staining with 1 μg/ml DAPI (Sigma-Aldrich) for 5 min.
Labelled cells were mounted on microscope slides with Dako Fluorescent Mounting Medium (Dako, S3023) and analysed by widefield microscopy using a Leica DM5500B epifluorescence microscope.
Image processing was performed using FIJI. was used to analyse the acquired images. Segmentation was done using the "object" mode in the mCherry channel, and post processing was done to exclude objects smaller than 10 μm 2 . GraphPad Prism version 7 was used to draw graphs and perform statistical analyses.
